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Main points

1. Cancer is an evolutionary process 

2. Cancer genomics allows to look under  
the hood of this process 

3. Treating cancer using its own evolutionary 
mechanisms 
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offer a demonstration of such progression in individual patients. Recall, for example, 
the disease of familial adenomatous polyposis (FAP; see Section 7.11), in which an 
individual inheriting a mutant form of the APC tumor suppressor gene is prone to 
develop anywhere from dozens to more than a thousand polyps in the intestine (see 
Figure 7.22). With a certain low but measurable frequency, one or another of these 
polyps will progress spontaneously into a carcinoma. (The multiplicity of polyps in 
these patients and the low conversion rate of polyps to carcinomas—estimated to be 
~2.5 events per 1000 polyps per year—effectively preclude association of a carcinoma 
with a particular precursor polyp.)

The development of carcinomas in other organ sites throughout the body is thought 
to resemble, at least in outline, the multi-step progression observed in the colon (see, 
for example, Figure 11.8A). Many of these other tissues, such as the breast, stomach, 
lungs, prostate, and pancreas, also exhibit growths that can be called hyperplastic, 
dysplastic, and adenomatous, and these growths would seem to be the benign pre-
cursors of the carcinomas that arise in these organs. However, the histopathological 

Histopathology indicates multi-step tumor progression

colon

head and neck

cervix

lung (smokers)

breast

prostate

adenoma

MILD(A)

(B)

MODERATE SEVERE CIS

CANCERINITIATEDNORMAL PRE-CANCER

5–20 years

9–13 years

20–40 pack-years

20 years

10–20 years

6–10 years

3–15 years>10 years

5–15 years

6–8 yearsdysplastic oral
leukoplakia

atypical
hyperplasia

tobacco use     4–10 years

CIN 1 CIN 3/CIS

DCIS

PIN latent cancer

b11.07,n11.102/11.08

invasive
carcinoma

normal
epithelium

severe
dysplasia

severe
dysplasia

moderate
dysplasia

carcinoma
in situ

cartilage

carcinoma in situ

Figure 11.8 Multi-step tumorigenesis 
in a variety of organ sites (A) The 
pathogenesis of carcinomas is thought 
to be governed by very similar biological 
mechanisms operating in a variety of 
epithelial tissues. Accordingly, multi-
step tumorigenesis involving similar 
histological entities has been proposed 
to progress along parallel paths in these 
various organ sites. These similarities 
are obscured by the fact that the 
nomenclature is quite variable from one 
tissue to another. CIS, carcinoma in situ; 
CIN, cervical intraepithelial neoplasia; 
DCIS, ductal carcinoma in situ; PIN, 
prostatic intraepithelial neoplasia.  
(B) Because more aggressive growths 
often overgrow their more benign 
precursors, it is rare to see the multiple 
states of tumor progression coexisting in 
close proximity, as is the case in this lung 
carcinoma. Importantly, while the close 
juxtaposition of the aberrant growths 
suggests some relationship among 
them, an image like this provides no 
definitive evidence of precursor–product 
relationships between these various 
abnormal tissues. (A, courtesy of  
W.K. Hong. B, courtesy of A. Gonzalez 
and P.P. Massion.)
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How cancer arises

Figure 1.1 a: Clonal expansion. Cancer is a multi-gene, multi-step disease originating from single abnormal 
cell (clonal origin). Changes in DNA sequences result in the cell progressing slowly to the mildly aberrant stage. 
Successive rounds of mutation & natural selection leads to a mass of abnormal cells called tumours. Some cells 
in the tumour undergo further rounds of mutations leading to the formation of malignant cells which cause 
metastasis. (Fig source: M Alison. www.els.net)

Subsequent rounds of mutation and expansion leads to tumour growth and progression, which eventually 
breaks through the basal membrane barrier surrounding tissues and spreads to other parts of the body 
(metastasis). Death as a result of cancer is due to the invading, eroding and spread of tumours into 
normal tissues due to uncontrolled clonal expansion of these somatic cells.

Figure 1.1b: Clonal expansion. Normal cells are subject to signals that regulate their proliferation 
and behaviour. All cancers disrupt normal controls of cell proliferation & for each cell there is a finite 
number of ways this disruption can occur. Cancer cells develop a degree of autonomy from external 
regulatory signals that are responsible for normal cellular homeostasis. Multiple mutations lead to a 
tumour mass. Subsequent mutations lead to malignant tumour which break through the basal 
membrane and spread to distant locations
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AcquiredGSautonomywas the first of the six capabili-
ties to be clearly defined by cancer researchers, in large
part because of the prevalence of dominant oncogenes
that have been found to modulate it. Three common
molecular strategies for achieving autonomy are evi-
dent, involving alteration of extracellular growth signals,
of transcellular transducers of those signals, or of intra-
cellular circuits that translate those signals into action.
While most soluble mitogenic growth factors (GFs) are
made by one cell type in order to stimulate proliferation
of another—the process of heterotypic signaling—many
cancer cells acquire the ability to synthesize GFs to
which they are responsive, creating a positive feedback
signaling loop often termed autocrine stimulation (Fedi
et al., 1997). Clearly, themanufacture of a GFby a cancer
cell obviates dependence on GFs from other cells within
the tissue. The production of PDGF (platelet-derived
growth factor) and TGF� (tumor growth factor �) by
glioblastomas and sarcomas, respectively, are two illus-
trative examples (Fedi et al., 1997).
The cell surface receptors that transduce growth-

stimulatory signals into the cell interior are themselves
targets of deregulation during tumor pathogenesis. GF
receptors, often carrying tyrosine kinase activities in
their cytoplasmic domains, are overexpressed in many
cancers. Receptor overexpression may enable the can-
cer cell to become hyperresponsive to ambient levelsFigure 1. Acquired Capabilities of Cancer
of GF that normally would not trigger proliferation (FediWe suggest that most if not all cancers have acquired the same set
et al., 1997). For example, the epidermal GF receptorof functional capabilities during their development, albeit through

various mechanistic strategies. (EGF-R/erb B) is upregulated in stomach, brain, and
breast tumors, while the HER2/neu receptor is overex-
pressed in stomach and mammary carcinomas (Slamon
et al., 1987; Yarden andUllrich, 1988). Additionally, grossWe describe each capability in turn below, illustrate with
overexpression of GF receptors can elicit ligand-inde-a few examples its functional importance, and indicate
pendent signaling (DiFiore et al., 1987). Ligand-indepen-strategies by which it is acquired in human cancers.
dent signaling can also be achieved through structural
alteration of receptors; for example, truncated versions

Acquired Capability: Self-Sufficiency
of the EGF receptor lacking much of its cytoplasmic

in Growth Signals domain fire constitutively (Fedi et al., 1997).
Normal cells require mitogenic growth signals (GS) be- Cancer cells can also switch the types of extracellular
fore they can move from a quiescent state into an active matrix receptors (integrins) they express, favoring ones
proliferative state. These signals are transmitted into the that transmit progrowth signals (Lukashev and Werb,
cell by transmembrane receptors that bind distinctive 1998; Giancotti andRuoslahti, 1999). These bifunctional,
classes of signaling molecules: diffusible growth fac- heterodimeric cell surface receptors physically link cells
tors, extracellular matrix components, and cell-to-cell to extracellular superstructures knownas the extracellu-
adhesion/interaction molecules. To our knowledge, no lar matrix (ECM). Successful binding to specific moieties
type of normal cell can proliferate in the absence of of the ECM enables the integrin receptors to transduce
such stimulatory signals. Many of the oncogenes in the signals into the cytoplasm that influence cell behavior,
cancer catalog act by mimicking normal growth signal- ranging from quiescence in normal tissue to motility,
ing in one way or another. resistance to apoptosis, and entrance into the active
Dependence on growth signaling is apparent when cell cycle. Conversely, the failure of integrins to forge

propagating normal cells in culture, which typically pro- these extracellular links can impair cell motility, induce
liferate only when supplied with appropriate diffusible apoptosis, or cause cell cycle arrest (Giancotti and Ru-
mitogenic factors and a proper substratum for their inte- oslahti, 1999). Both ligand-activated GF receptors and
grins. Such behavior contrasts strongly with that of tu- progrowth integrins engaged to extracellular matrix
mor cells, which invariably show a greatly reduced components can activate the SOS-Ras-Raf-MAP kinase
dependenceonexogenousgrowth stimulation. Thecon- pathway (Aplin et al., 1998; Giancotti and Ruoslahti,
clusion is that tumor cells generate many of their own 1999).
growth signals, thereby reducing their dependence on Themost complexmechanismsof acquiredGSauton-
stimulation from their normal tissue microenvironment. omy derive from alterations in components of the down-
This liberation from dependence on exogenously de- stream cytoplasmic circuitry that receives and pro-
rived signals disrupts a critically important homeostatic cesses the signals emitted by ligand-activated GF
mechanism that normally operates to ensure a proper receptors and integrins. The SOS-Ras-Raf-MAPK cas-

cade plays a central role here. In about 25% of humanbehavior of the various cell types within a tissue.
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evolve progressively from normalcy via a series of pre-Douglas Hanahan* and Robert A. Weinberg†

*Department of Biochemistry and Biophysics and malignant states into invasive cancers (Foulds, 1954).
These observations have been rendered more con-Hormone Research Institute

University of California at San Francisco crete by a large body of work indicating that the ge-
nomes of tumor cells are invariably altered at multipleSan Francisco, California 94143

†Whitehead Institute for Biomedical Research and sites, having suffered disruption through lesions as sub-
tle as point mutations and as obvious as changes inDepartment of Biology

Massachusetts Institute of Technology chromosome complement (e.g., Kinzler and Vogelstein,
1996). Transformation of cultured cells is itself aCambridge, Massachusetts 02142
multistep process: rodent cells require at least two intro-
duced genetic changes before they acquire tumorigenic
competence, while their human counterparts are moreAfter a quarter century of rapid advances, cancer re-
difficult to transform (Hahn et al., 1999). Transgenicsearch has generated a rich and complex body of knowl-
models of tumorigenesis have repeatedly supported theedge, revealing cancer to be a disease involving dy-
conclusion that tumorigenesis in mice involves multiplenamic changes in the genome. The foundation has been
rate-limiting steps (Bergers et al., 1998; see Oncogene,set in the discovery of mutations that produce onco-
1999, R. DePinho and T. E. Jacks, volume 18[38], pp.genes with dominant gain of function and tumor sup-
5248–5362). Taken together, observations of humanpressor genes with recessive loss of function; both
cancers and animal models argue that tumor develop-classes of cancer genes have been identified through
ment proceeds via a process formally analogous to Dar-their alteration in human and animal cancer cells and
winian evolution, in which a succession of geneticby their elicitation of cancer phenotypes in experimental
changes, each conferring one or another type of growthmodels (Bishop and Weinberg, 1996).
advantage, leads to the progressive conversion of nor-Some would argue that the search for the origin and
mal human cells into cancer cells (Foulds, 1954; Nowell,treatment of this disease will continue over the next
1976).quarter century in much the same manner as it has in

the recent past, by adding further layers of complexity
to a scientific literature that is already complex almost An Enumeration of the Traits
beyond measure. But we anticipate otherwise: those The barriers to development of cancer are embodied
researching the cancer problem will be practicing a dra- in a teleology: cancer cells have defects in regulatory
matically different type of science than we have experi- circuits that govern normal cell proliferation and homeo-
enced over the past 25 years. Surelymuch of this change stasis. There are more than 100 distinct types of cancer,
will be apparent at the technical level. But ultimately, and subtypes of tumors can be found within specific
the more fundamental change will be conceptual. organs. This complexity provokes a number of ques-
We foresee cancer research developing into a logical tions. How many distinct regulatory circuits within each

science, where the complexities of the disease, de- type of target cell must be disrupted in order for such
scribed in the laboratory and clinic, will become under- a cell to become cancerous? Does the same set of
standable in terms of a small number of underlying prin- cellular regulatory circuits suffer disruption in the cells
ciples. Some of these principles are even now in the of the disparate neoplasms arising in the human body?
midst of being codified. We discuss one set of them in Which of these circuits operate on a cell-autonomous
the present essay: rules that govern the transformation basis, and which are coupled to the signals that cells
of normal human cells into malignant cancers. We sug- receive from their surrounding microenvironment within
gest that research over the past decades has revealed a tissue? Can the large and diverse collection of cancer-
a small number of molecular, biochemical, and cellular associated genes be tied to the operations of a small
traits—acquired capabilities—shared by most and per- group of regulatory circuits?
hapsall typesof humancancer. Our faith in such simplifi- We suggest that the vast catalog of cancer cell geno-
cation derives directly from the teachings of cell biology types is amanifestation of six essential alterations in cell
that virtually all mammalian cells carry a similar molecu- physiology that collectively dictate malignant growth
lar machinery regulating their proliferation, differentia- (Figure 1): self-sufficiency in growth signals, insensitivity
tion, and death. to growth-inhibitory (antigrowth) signals, evasion of pro-
Several lines of evidence indicate that tumorigenesis grammed cell death (apoptosis), limitless replicative

in humans is a multistep process and that these steps potential, sustained angiogenesis, and tissue invasion
reflect genetic alterations that drive the progressive and metastasis. Each of these physiologic changes—
transformation of normal human cells into highly malig- novel capabilities acquired during tumor development—
nant derivatives. Many types of cancers are diagnosed represents the successful breaching of an anticancer
in the human population with an age-dependent inci- defense mechanism hardwired into cells and tissues.
dence implicating four to seven rate-limiting, stochastic We propose that these six capabilities are shared in
events (Renan, 1993). Pathological analyses of a number common by most and perhaps all types of human tu-
of organ sites reveal lesions that appear to represent mors. Thismultiplicity of defensesmay explain why can-

cer is relatively rare during an average human lifetime.the intermediate steps in a process through which cells

Acquired phenotypes of cancer
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Oncogenes	and	tumor	suppressors

• Oncogenes	--	need	to	be	ac8vated		
– by	muta8ons	(within	a	gene	or	regulatory	regions)	
– by	chromosomal	altera8ons	
– overexpression/modifica8ons  
		

• Tumor	suppressors	--	need	to	be	inac8vated  
-	muta8ons,	chromosomal	loss,	modifica8ons  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In the case of cancer development, the evolving units are individual cells competing 
with one another in a population of cells, rather than individual organisms competing 
with one another within a species. Like the modern depiction of Darwinian evolu-
tion, random mutations are presumed to create genetic variability in a cell population. 
Once a genetically heterogeneous population has arisen, the forces of selection may 
then favor the outgrowth of individual cells (and their descendants) that happen to be 
endowed with mutant alleles conferring advantageous traits, notably traits that favor 
proliferation and survival in the microenvironment of a living tissue.

Combining Darwinian theory with the assumptions of multi-step tumor progression, 
researchers could now depict tumorigenesis as a succession of clonal expansions. The 
scheme goes like this: A random mutation creates a cell having particularly advan-
tageous growth and/or survival traits. This cell and its descendants then proliferate 
more effectively than their neighbors, eventually yielding a large clonal population 
that dominates the tissue and crowds out genetically less favored neighbors. Sooner or 
later, this cell clone will reach a large enough size (for example, 106 cells) that another 
advantageous mutation, which strikes randomly with a probability of about 1 per 106 
cell generations, may now plausibly occur in one or another cell within this clonal 
population (Figure 11.15).

The resulting doubly mutated cell, which will proliferate (or survive) even more effec-
tively than its 106 clonal brethren, will spawn a new subclone that will expand and 
eventually dominate the local tissue environment, overshadowing and possibly oblit-
erating the precursor population from which it arose. After this doubly mutated cell 
clone reaches a large size, as before, a third mutation may now strike, and the process 
of clonal expansion and succession will repeat itself. Quite possibly, a sequence of four 
to six such clonal successions, each triggered by a specific mutation, suffices to explain 
how cancer progression occurs at the cellular and genetic level.

To be sure, this Darwinian model of cancer progression is simplistic. For example, 
it must be amended to respond to the discovery that epigenetic alterations of genes, 
specifically, promoter methylation (see Section 7.8), play an important role in elimi-
nating the activities of tumor suppressor genes. (Here, we encounter a major discord-
ance between tumor progression and Darwinian evolution, since heritable epigenetic 
alterations, such as DNA methylation events, have never been shown to drive the evo-
lution of species.)

This scheme is simplistic in other respects as well. Thus, the number of distinct steps 
in tumor progression may be underrepresented by counting the number of genetic 
loci that are altered during this process. As discussed in Chapter 7, the inactivation of 
a tumor suppressor gene is, almost always, a two-step process. First, one gene copy is 

Darwinian evolution helps explain multistep tumor progression

initiating mutation
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FIRST CLONAL EXPANSION
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~106 cells
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Figure 11.15 Darwinian evolution 
and clonal successions Darwinian 
evolution involves the increase in 
number of organisms that are endowed 
with advantageous genotypes and 
thus phenotypes; a formally similar 
scheme seems to describe how tumor 
progression occurs. One cell amid 
a large cell population sustains an 
initiating mutation (red sector, top) 
that confers on it a proliferative and/or 
survival advantage over the other cells. 
Eventually, the clonal descendants of 
this mutant cell dominate in a localized 
area by displacing the cells that lack this 
mutation, resulting in the first clonal 
expansion. When this clone expands 
to a large enough size (e.g., 106 cells), 
a second mutation—one that strikes 
with a frequency of ~10–6 per cell 
generation—may occur (green sector), 
resulting in a doubly mutated cell that 
has even greater proliferative and/or 
survival advantage. The process of clonal 
expansion then repeats itself, and the 
newly mutated population displaces 
(“succeeds”) the previously formed one, 
yielding a process that is termed clonal 
succession. This results once again in a 
large descendant population, in which 
a third mutation (blue sector) occurs, 
and so forth. While classical Darwinian 
evolution is thought to depend on 
mutations in the genomes of organisms, 
it is highly likely that other heritable 
changes in cell populations, notably 
promoter methylation events (see Section 
7.8), can play an equally prominent 
role in multi-step tumor progression. 
Importantly, this scheme does not 
take into account the fact that clonal 
successions may require greatly different 
time intervals to reach completion. For 
example, later successions are likely to 
proceed far more rapidly than earlier 
ones because the participating cells, 
having acquired oncogenic mutations, 
may proliferate more rapidly and have 
more mutable genomes.
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large-scale alterations of the cell genome. Indeed, such alterations were noted as early 
as 1892, specifically in cancer cells.

Today, we know that cancer cells often exhibit aberrantly structured chromosomes of 
various sorts, the loss of entire chromosomes, the presence of extra copies of others, 
and the fusion of the arm of one chromosome with part of another. These changes 
in overall chromosomal configuration expand our conception of how mutations can 
affect the genome: since alterations of overall chromosomal structure and number 
also constitute types of genetic change, these changes must be considered to be the 
consequences of mutations (Sidebar 1.2). And importantly, the abnormal chromo-
somes seen initially in cancer cells provided the first clue that these cells might be 
genetically aberrant, that is, that they were mutants (see Figure 1.11).

The normal configuration of chromosomes is often termed the euploid karyotypic 
state. Euploidy implies that each of the autosomes is present in normally structured 
pairs and that the X and Y chromosomes are present in the numbers appropriate for 
the sex of the individual carrying them. Deviation from the euploid karyotype—the 
state termed aneuploidy—is seen, as mentioned above, in many cancer cells. Often 
this aneuploidy is merely a consequence of the general chaos that reigns within a can-
cer cell. However, this connection between aneuploidy and malignant cell prolifera-
tion also hints at a theme that we will return to repeatedly in this book: the acquisition 
of extra copies of one chromosome or the loss of another can create a genetic configu-
ration that somehow benefits the cancer cell and its agenda of runaway proliferation.

1.5 Mutations causing cancer occur in both the germ line 
and the soma

Mutations alter the information content of genes, and the resulting mutant alleles of 
a gene can be passed from parent to offspring. This transmission from one generation 
to the next, made possible by the germ cells (sperm and egg), is said to occur via the 
germ line (Figure 1.10). Importantly, the germ-line transmission of a recently created 
mutant allele from one organism to its offspring can occur only if a precondition has 
been met: the responsible mutation must strike a gene carried in the genome of sperm 
or egg or in the genome of one of the cell types that are immediate precursors of the 
sperm or egg within the gonads. Mutations affecting the genomes of cells everywhere 
else in the body—which constitute the soma—may well affect the particular cells in 
which such mutations strike but will have no prospect of being transmitted to the off-
spring of an organism. Such somatic mutations cannot become incorporated into 
the vehicles of generation-to-generation genetic transmission—the chromosomes of 
sperm or eggs.

gamete

gamete

zygote

germ-line cells

zygote

germ-line cells

somatic cells somatic cells

parent offspring

TBoC2 n1.103/1.12

mutations

A

B

3rd
generation

2nd
generation

1st
generation

etc.

soma

gametes somatic cells 

soma

Figure 1.10 Germ-line versus somatic 
mutations Mutation A, which occurs 
in the genome of a germ-line cell 
in the gonads, can be passed from 
parent (above left) to offspring via 
gametes—sperm or egg (half circles). 
Once incorporated into the fertilized 
egg (zygote), the mutant alleles can 
then be transmitted to all of the cells 
in the body of the offspring (middle) 
outside of the gonads, i.e., its soma, as 
well as being transmitted via germ-line 
cells and gametes to a third generation 
(not shown). However, mutation B (left), 
which strikes the genome of a somatic 
cell in the parent, can be passed only to 
the lineal descendants of that mutant 
cell within the body of the parent and 
cannot be transmitted to offspring. 
(Adapted from B. Alberts et al., Essential 
Cell Biology, 3rd ed. New York: Garland 
Science, 2010.)

Cancer-causing mutations affect the germ line and soma
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GCAGCCCTTTCTTGCCAACATAATATGCTTGCCTTTTTAATTAATTACTTCAAAAGCTGAAGAAGCCTGGACTAAAATTATCTTTTTCAT
GATGTTTTATCAGTATCTTTTGACTTTTTAACATTCAAAACACTCCCTACTAATTTCTGCTTTGGTAACAGTACATGCCATGTTAACCTT
CTTAGCAGATTCAATATTCCCATCTATCTCCCCTTTATTAAGTTTATTGATTGAATGTGAAGAGCACTGTTCTTCAACATTGCAAGGAGG
TAACACTTCTCTGCAAACCCCAAGCCACAATTATATCAATCTATGCTTAAAGGAATGATTATCTGAGTAATTCCAAGAAAAAAAATAACA
GTTTTTAATCTGATGTTTTTTCAACTCATATAGTTAAATACAATATACATACAAGTCATTCTCAATGTGGGGAGGGGGAGCAGGAGGCAT
TTTGCCCCTCCTTCCACCCCCATGATTCATAATGTCTGCAGACATTTTTCACTGTCACAACTGGGGATGCTGCTAAACATCCTACAAAAC
AGGACAGTTCTCTAGGTCAAAGCTGTTCTTAGGCAAAAAAGTCAAGTGCCAAAGGTGAGAAATCCTAATATAGAGGAATTTACTGTCTCA
TGAAAATTTTTCTCAAGCAATTTCATGATTTAAATAATTTCCCAGTCATAGGGTTGAATCCATGAGGTAATGCTAGCAATATGAAACACA
GCAGGATTATTAATTATCACTAATTCTTCCAAGGCTACCTAACAGAATATCTCTGCTCTCCACAGGCCCATCAATTTGAAAACTCAAGTC
TAAGAGTAAAAAAGTAGATAATGGCTTTGAAGTTTATAAGAAAATTATGCAGCAAAGCTTTTGTTTTACATAAGCTCATGTAAGAATAAT
AATTTCCTAAATCTGCATAAAACAGTTGTTATTTGGATCCACTTTTACATGTTAAGTTAGAATCTGGCAAATTCTGTCTAAATAGTCCCA
TTTCACCAGCCCTACAAGATTATTCATGGGAGAGACTATATTAACGAATTTTGTTTCTAAAAATTAAACCTCTCTTTTCCCTACAATATT
ATAGTCTGCATATTGCTTGCATGCCACCCCCCGCCTACCCAATCACCACAGCGGACGTCTTATTCTTGAAACAATGACCAACCATAAAGC
ACAAGAGCAATCTTTCACAAAGTGTACGTGAATCACTCAACTGTGCTTGCTCAAAGAAAACAACTACTTTTTTGATGAGTATTAGCTTAG
AGATGGAGGCACTGTCTGACCATTTTACTGAAAGCATTGTAAACGTGGTCAAACCAAACATACACAGACTGTGGCATTTCTCTGCACTGC
ATTTAAAGACAAAAGGAAAAAAAGCCTAAGCCATTGTCATATGTTAACAAAGGGCTGCCAACATTGTAATCTTGCCTCGAAATGTCCACA
TATTTAAAATTACCCGAACGGAAACATGTAAGTGATATGAGCACACAATTCACAAAGATCAAGGTGCCAATGGTTAGCAGATACAAAAAT
GTTCAACCTCATCAGTATTCCAGAATATGCACAAAGATTCTATCTTTAAACCTGCAAAATTATCAGAGTACAAGATATACTCTCAAAATT
GCTAGTGCAAACATGTCATAAACTCCTACTACTGTCTGCATAGAATTGTTCATCCAAATGGATTTTTTCAAAGGAAATTTAAAACTCACT
AAATGGACAAATGTGGTTTTTTTTTAATAGCAAGCAACATGACAATGAAGAATTGTGTCCTGGTATCTATGTCCTGGTAGGTGGGCCAAA
GCAAGAGTGCTCTGCTGATCTGACTTAAATGTGTTTTCTTCAGTGAATCCCTCTGTAGAGGTTTAATTTGGTAGACGTTCTATAGAGAAC
CATATACTCTTAGAATTCATTATAGTAAATATGTTTGTTGGAATGCTATATGAGGAAGGAAAAAGCATCTCTTAATTGCATCATTTGACT
CAAAAGCCACAAATAATCTTCCAATGCTCCTCAATCTCCATACCTAAATAAATCCCACGACAATCCACTGAAACCAGTACCATTGTGTTT
AAAAAATAAGATATCATCTTGATCAATTATAAAATGTGTACTTCAATTTCTTGGTTTCTATCATTGCAAATAGCAGTTCATGTTATACAG
AAACCCAGGTGTGGTCAAATTTCATTGTCAAGGAAAAGGGAACATTTTGGTGCTTCTTGAGATTATCATCATGAAAACACAATAAAAGCA
CTTAACTTTTCTTGGTAGAGAGGTTATGTGTGCCAATTCATGCACTGGTACATTAATGTCTAGCTCACATCAAATAAAAAGCAACATCTT
GATACTGCTATGAATAAAAGACTGTTCTCTACACTTTCCTGTACTGTTTGTAATTTCTGAAGGGAAAAAAGAAGAAATGAATTAGAGAAA
AGCTAGAAAGGTAAAAGTATATGAACAACACTTTTCTATTTAGTTCCCTCATTTGTTTCATAGTGCTTTAACTGCCATCATTTCATTACC
AAAAAAGGTTAAATCTAACAATATATGCTAAAAACTCAATTTCACTGCAACAAAAGAATGAAAGTCCCAGGCTGGGCGTGGTGGCTCACG
CCTGTAATCCCAGCACTTTGGGAGGCCAAAGCAGGCGGATCACCTGAGATCAGGAGTTCGAGACCAGCCCAGCCAACATGGTAAAACCCC
GTCTCCACTAAAAACACAAAAATCAGCCGCGCGCAGTGGCAGGTGCCTGTAATCCTAGCTACTTAGGAGGCTGAGGCAGGGGAATCACTT
GAACCTGGGGGGCGGAGGGTGCAGTGAGCCGAGACTGTGCCACTTCACTCCAGCCTGGGTGAAAGAGTGAAACTCCATCTCAAAAAAAGG
AAAAGAAAAAAAAGAAAGTCTCTTGCATTAGTGTCAAAAGTATAATATAGATATTTCAAGTTCCCCAGATTAATAATATTACCTTAACTA
AAGTTGGTGTCAGTGGGTTGGTATACAGGAACAACAACAATAACAAAACAAAATGAAAACAAAAACAAGAAAGCTATGAATGGTTTAACA

Cancer



GCAGCCCTTTCTTGCCAACATAATATGCTTGCCTTTTTAATTAATTACTTCAAAAGCTGAAGAAGCCTGGACTAAAATTATCTTTTTCAT
GATGTTTTATCAGTATCTTTTGACTTTTTAACATTCAAAACACTCCCTACTAATTTCTGCTTTGGTAACAGTACATGCCATGTTAACCTT
CTTAGCAGATTCAATATTCCCATCTATCTCCCCTTTATTAAGTTTATTGATTGAATGTGAAGAGCACTGTTCTTCAACATTGCAAGGAGG
TAACACTTCTCTGCAAACCCCAAGCCACAATTATATCAATCTATGCTTAAAGGAATGATTATCTGAGTAATTCCAAGAAAAAAAATAACA
GTTTTTAATCTGATGTTTTTTCAACTCATATAGTTAAATACAATATACATACAAGTCATTCTCAATGTGGGGAGGGGGAGCAGGAGGCAT
TTTGCCCCTCCTTCCACCCCCATGATTCATAATGTCTGCAGACATTTTTCACTGTCACAACTGGGGATGCTGCTAAACATCCTACAAAAC
AGGACAGTTCTCTAGGTCAAAGCTGTTCTTAGGCAAAAAAGTCAAGTGCCAAAGGTGAGAAATCCTAATATAGAGGAATTTACTGTCTCA
TGAAAATTTTTCTCAAGCAATTTCATGATTTAAATAATTTCCCAGTCATAGGGTTGAATCCATGAGGTAATGCTAGCAATATGAAACACA
GCAGGATTATTAATTATCACTAATTCTTCCAAGGCTACCTAACAGAATATCTCTGCTCTCCACAGGCCCATCAATTTGAAAACTCAAGTC
TAAGAGTAAAAAAGTAGATAATGGCTTTGAAGTTTATAAGAAAATTATGCAGCAAAGCTTTTGTTTTACATAAGCTCATGTAAGAATAAT
AATTTCCTAAATCTGCATAAAACAGTTGTTATTTGGATCCACTTTTACATGTTAAGTTAGAATCTGGCAAATTCTGTCTAAATAGTCCCA
TTTCACCAGCCCTACAAGATTATTCATGGGAGAGACTATATTAACGAATTTTGTTTCTAAAAATTAAACCTCTCTTTTCCCTACAATATT
ATAGTCTGCATATTGCTTGCATGCCACCCCCCGCCTACCCAATCACCACAGCAGACGTCTTATTCTTGAAACAATGACCAACCATAAAGC
ACAAGAGCAATCTTTCACAAAGTGTACGTGAATCACTCAACTGTGCTTGCTCAAAGAAAACAACTACTTTTTTGATGAGTATTAGCTTAG
AGATGGAGGCACTGTCTGACCATTTTACTGAAAGCATTGTAAACGTGGTCAAACCAAACATACACAGACTGTGGCATTTCTCTGCACTGC
ATTTAAAGACAAAAGGAAAAAAAGCCTAAGCCATTGTCATATGTTAACAAAGGGCTGCCAACATTGTAATCTTGCCTCGAAATGTCCACA
TATTTAAAATTACCCGAACGGAAACATGTAAGTGATATGAGCACACAATTCACAAAGATCAAGGTGCCAATGGTTAGCAGATACAAAAAT
GTTCAACCTCATCAGTATTCCAGAATATGCACAAAGATTCTATCTTTAAACCTGCAAAATTATCAGAGTACAAGATATACTCTCAAAATT
GCTAGTGCAAACATGTCATAAACTCCTACTACTGTCTGCATAGAATTGTTCATCCAAATGGATTTTTTCAAAGGAAATTTAAAACTCACT
AAATGGACAAATGTGGTTTTTTTTTAATAGCAAGCAACATGACAATGAAGAATTGTGTCCTGGTATCTATGTCCTGGTAGGTGGGCCAAA
GCAAGAGTGCTCTGCTGATCTGACTTAAATGTGTTTTCTTCAGTGAATCCCTCTGTAGAGGTTTAATTTGGTAGACGTTCTATAGAGAAC
CATATACTCTTAGAATTCATTATAGTAAATATGTTTGTTGGAATGCTATATGAGGAAGGAAAAAGCATCTCTTAATTGCATCATTTGACT
CAAAAGCCACAAATAATCTTCCAATGCTCCTCAATCTCCATACCTAAATAAATCCCACGACAATCCACTGAAACCAGTACCATTGTGTTT
AAAAAATAAGATATCATCTTGATCAATTATAAAATGTGTACTTCAATTTCTTGGTTTCTATCATTGCAAATAGCAGTTCATGTTATACAG
AAACCCAGGTGTGGTCAAATTTCATTGTCAAGGAAAAGGGAACATTTTGGTGCTTCTTGAGATTATCATCATGAAAACACAATAAAAGCA
CTTAACTTTTCTTGGTAGAGAGGTTATGTGTGCCAATTCATGCACTGGTACATTAATGTCTAGCTCACATCAAATAAAAAGCAACATCTT
GATACTGCTATGAATAAAAGACTGTTCTCTACACTTTCCTGTACTGTTTGTAATTTCTGAAGGGAAAAAAGAAGAAATGAATTAGAGAAA
AGCTAGAAAGGTAAAAGTATATGAACAACACTTTTCTATTTAGTTCCCTCATTTGTTTCATAGTGCTTTAACTGCCATCATTTCATTACC
AAAAAAGGTTAAATCTAACAATATATGCTAAAAACTCAATTTCACTGCAACAAAAGAATGAAAGTCCCAGGCTGGGCGTGGTGGCTCACG
CCTGTAATCCCAGCACTTTGGGAGGCCAAAGCAGGCGGATCACCTGAGATCAGGAGTTCGAGACCAGCCCAGCCAACATGGTAAAACCCC
GTCTCCACTAAAAACACAAAAATCAGCCGCGCGCAGTGGCAGGTGCCTGTAATCCTAGCTACTTAGGAGGCTGAGGCAGGGGAATCACTT
GAACCTGGGGGGCGGAGGGTGCAGTGAGCCGAGACTGTGCCACTTCACTCCAGCCTGGGTGAAAGAGTGAAACTCCATCTCAAAAAAAGG
AAAAGAAAAAAAAGAAAGTCTCTTGCATTAGTGTCAAAAGTATAATATAGATATTTCAAGTTCCCCAGATTAATAATATTACCTTAACTA
AAGTTGGTGTCAGTGGGTTGGTATACAGGAACAACAACAATAACAAAACAAAATGAAAACAAAAACAAGAAAGCTATGAATGGTTTAACA

Normal



GCAGCCCTTTCTTGCCAACATAATATGCTTGCCTTTTTAATTAATTACTTCAAAAGCTGAAGAAGCCTGGACTAAAATTATCTTTTTCAT
GATGTTTTATCAGTATCTTTTGACTTTTTAACATTCAAAACACTCCCTACTAATTTCTGCTTTGGTAACAGTACATGCCATGTTAACCTT
CTTAGCAGATTCAATATTCCCATCTATCTCCCCTTTATTAAGTTTATTGATTGAATGTGAAGAGCACTGTTCTTCAACATTGCAAGGAGG
TAACACTTCTCTGCAAACCCCAAGCCACAATTATATCAATCTATGCTTAAAGGAATGATTATCTGAGTAATTCCAAGAAAAAAAATAACA
GTTTTTAATCTGATGTTTTTTCAACTCATATAGTTAAATACAATATACATACAAGTCATTCTCAATGTGGGGAGGGGGAGCAGGAGGCAT
TTTGCCCCTCCTTCCACCCCCATGATTCATAATGTCTGCAGACATTTTTCACTGTCACAACTGGGGATGCTGCTAAACATCCTACAAAAC
AGGACAGTTCTCTAGGTCAAAGCTGTTCTTAGGCAAAAAAGTCAAGTGCCAAAGGTGAGAAATCCTAATATAGAGGAATTTACTGTCTCA
TGAAAATTTTTCTCAAGCAATTTCATGATTTAAATAATTTCCCAGTCATAGGGTTGAATCCATGAGGTAATGCTAGCAATATGAAACACA
GCAGGATTATTAATTATCACTAATTCTTCCAAGGCTACCTAACAGAATATCTCTGCTCTCCACAGGCCCATCAATTTGAAAACTCAAGTC
TAAGAGTAAAAAAGTAGATAATGGCTTTGAAGTTTATAAGAAAATTATGCAGCAAAGCTTTTGTTTTACATAAGCTCATGTAAGAATAAT
AATTTCCTAAATCTGCATAAAACAGTTGTTATTTGGATCCACTTTTACATGTTAAGTTAGAATCTGGCAAATTCTGTCTAAATAGTCCCA
TTTCACCAGCCCTACAAGATTATTCATGGGAGAGACTATATTAACGAATTTTGTTTCTAAAAATTAAACCTCTCTTTTCCCTACAATATT
ATAGTCTGCATATTGCTTGCATGCCACCCCCCGCCTACCCAATCACCACAGCGGACGTCTTATTCTTGAAACAATGACCAACCATAAAGC
ACAAGAGCAATCTTTCACAAAGTGTACGTGAATCACTCAACTGTGCTTGCTCAAAGAAAACAACTACTTTTTTGATGAGTATTAGCTTAG
AGATGGAGGCACTGTCTGACCATTTTACTGAAAGCATTGTAAACGTGGTCAAACCAAACATACACAGACTGTGGCATTTCTCTGCACTGC
ATTTAAAGACAAAAGGAAAAAAAGCCTAAGCCATTGTCATATGTTAACAAAGGGCTGCCAACATTGTAATCTTGCCTCGAAATGTCCACA
TATTTAAAATTACCCGAACGGAAACATGTAAGTGATATGAGCACACAATTCACAAAGATCAAGGTGCCAATGGTTAGCAGATACAAAAAT
GTTCAACCTCATCAGTATTCCAGAATATGCACAAAGATTCTATCTTTAAACCTGCAAAATTATCAGAGTACAAGATATACTCTCAAAATT
GCTAGTGCAAACATGTCATAAACTCCTACTACTGTCTGCATAGAATTGTTCATCCAAATGGATTTTTTCAAAGGAAATTTAAAACTCACT
AAATGGACAAATGTGGTTTTTTTTTAATAGCAAGCAACATGACAATGAAGAATTGTGTCCTGGTATCTATGTCCTGGTAGGTGGGCCAAA
GCAAGAGTGCTCTGCTGATCTGACTTAAATGTGTTTTCTTCAGTGAATCCCTCTGTAGAGGTTTAATTTGGTAGACGTTCTATAGAGAAC
CATATACTCTTAGAATTCATTATAGTAAATATGTTTGTTGGAATGCTATATGAGGAAGGAAAAAGCATCTCTTAATTGCATCATTTGACT
CAAAAGCCACAAATAATCTTCCAATGCTCCTCAATCTCCATACCTAAATAAATCCCACGACAATCCACTGAAACCAGTACCATTGTGTTT
AAAAAATAAGATATCATCTTGATCAATTATAAAATGTGTACTTCAATTTCTTGGTTTCTATCATTGCAAATAGCAGTTCATGTTATACAG
AAACCCAGGTGTGGTCAAATTTCATTGTCAAGGAAAAGGGAACATTTTGGTGCTTCTTGAGATTATCATCATGAAAACACAATAAAAGCA
CTTAACTTTTCTTGGTAGAGAGGTTATGTGTGCCAATTCATGCACTGGTACATTAATGTCTAGCTCACATCAAATAAAAAGCAACATCTT
GATACTGCTATGAATAAAAGACTGTTCTCTACACTTTCCTGTACTGTTTGTAATTTCTGAAGGGAAAAAAGAAGAAATGAATTAGAGAAA
AGCTAGAAAGGTAAAAGTATATGAACAACACTTTTCTATTTAGTTCCCTCATTTGTTTCATAGTGCTTTAACTGCCATCATTTCATTACC
AAAAAAGGTTAAATCTAACAATATATGCTAAAAACTCAATTTCACTGCAACAAAAGAATGAAAGTCCCAGGCTGGGCGTGGTGGCTCACG
CCTGTAATCCCAGCACTTTGGGAGGCCAAAGCAGGCGGATCACCTGAGATCAGGAGTTCGAGACCAGCCCAGCCAACATGGTAAAACCCC
GTCTCCACTAAAAACACAAAAATCAGCCGCGCGCAGTGGCAGGTGCCTGTAATCCTAGCTACTTAGGAGGCTGAGGCAGGGGAATCACTT
GAACCTGGGGGGCGGAGGGTGCAGTGAGCCGAGACTGTGCCACTTCACTCCAGCCTGGGTGAAAGAGTGAAACTCCATCTCAAAAAAAGG
AAAAGAAAAAAAAGAAAGTCTCTTGCATTAGTGTCAAAAGTATAATATAGATATTTCAAGTTCCCCAGATTAATAATATTACCTTAACTA
AAGTTGGTGTCAGTGGGTTGGTATACAGGAACAACAACAATAACAAAACAAAATGAAAACAAAAACAAGAAAGCTATGAATGGTTTAACA

Cancer
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Cancer genomics 
• Whole-genome	sequences	(cancer	vs	normal)	
• Whole-exome	sequences	(cancer	vs	normal)	
• Copy-number	altera8ons	

By the late 1940s, a series of chemicals, many of them alkylating agents of the
type that had been used in World War I mustard gas warfare, were also found to
be mutagenic for fruit flies. Soon thereafter, some of these same compounds
were shown to be carcinogenic in laboratory animals. These findings caused
several geneticists to speculate that cancer was a disease of mutant genes, and
that carcinogenic agents, such as X-rays and certain chemicals, succeeded in
inducing cancer through their ability to mutate genes.

These speculations were hardly the first ones of this sort. As early as 1914, the
German biologist Theodor Boveri, drawing on yet older observations of others,
suggested that chromosomes, which by then had been implicated as carriers of
genetic information, were aberrant within cancer cells, and that cancer cells
might therefore be mutants. Boveri’s notion, along with many other specula-
tions on the origin of cancer, gained few adherents, however, until the discovery
in 1960 of an abnormally configured chromosome in a large proportion of cases
of chronic myelogenous leukemia (CML). This chromosome, soon called the
Philadelphia chromosome after the place of its discovery, was clearly a distinc-
tive characteristic of this type of cancer (Figure 2.23). Its reproducible associa-
tion with this class of tumor cells suggested, but hardly proved, that it played a
causal role in tumorigenesis.

In 1975 Bruce Ames, a bacterial geneticist working at the University of California
in Berkeley, reported experimental results that lent great weight to the theory
that carcinogens can function as mutagens. Decades of experiments with labo-
ratory mice and rats had demonstrated that chemical carcinogens acted with
vastly different potencies, differing by as much as 1 million-fold in their ability
to induce cancers. Such experiments showed, for example, that one microgram
of aflatoxin, a compound produced by molds growing on peanuts and wheat,
was as potently carcinogenic as was a 10,000 times greater weight of the synthet-
ic compound benzidine. Ames posed the question whether these various com-
pounds were also mutagenic, more specifically, whether compounds that were
potent carcinogens also happened to be potent mutagens. 

The difficulty that Ames faced in his initial attempts to address this question
was a simple one: there were no good ways of measuring the relative mutagenic
potencies of various chemical species. So Ames set out to devise his own
method for quantifying mutagenic potency. He developed an experimental
protocol that consisted of applying various carcinogenic chemicals to a popu-
lation of Salmonella bacteria growing in Petri dishes and then scoring for the
abilities of these carcinogens to mutate the bacteria. The readout here was the
number of colonies of Salmonella that grew out following exposure to one or
another chemical. 

Figure 2.23 Structure of the
Philadelphia chromosome Analyses of
the banding patterns of metaphase
chromosomes of chronic myelogenous
leukemia (CML) cells first revealed the
characteristic tiny chromosome (called
the “Philadelphia chromosome” or Ph1)
that is present in the great majority of
CML cells. (A) This banding pattern,
determined through light-microscopic
surveys of stained metaphase
chromosomes, is illustrated here
schematically. While the chromosomal
translocation generating the two altered
chromosomes (9q+,22q–) is reciprocal
(i.e., involving a loss and a gain by each
of the two chromosomes), the sizes of
the exchanged chromosomal arms are
unequal, leading to the greatly truncated
Chromosome 22 (i.e., 22q–). The arrow
indicates the point of crossing over,
known as the translocation breakpoint.
(B) The relatively minor change to the
tumor cell karyotype that is created by
the CML translocation is apparent in this
SKY analysis, in which chromosome-
specific probes are used, together with
fluorescent dyes and computer-
generated coloring, to visualize the
entire chromosomal complement of CML
cells. As is apparent, one of the two
Chromosomes 9 has acquired a light
purple segment (a color assigned to
Chromosome 22) at the end of its long
arm. Reciprocally, one of the two
Chromosomes 22 has acquired a white
region (characteristic of Chromosome 9)
at the end of its long arm. (A, from 
B. Alberts et al., Molecular Biology of
the Cell, 4th ed. New York: Garland
Science, 2002; B, courtesy of Thomas
Ried and Nicole McNeil.)
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Both physical and chemical carcinogens act as mutagens
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GCAGCCCTTTCTTGCCAACATAATATGCTTGCCTTTTTAATTAATTACTTCAAAAGCTGAAGAAGCCTGGACTAAAATTATCTTTTTCAT
GATGTTTTATCAGTATCTTTTGACTTTTTAACATTCAAAACACTCCCTACTAATTTCTGCTTTGGTAACAGTACATGCCATGTTAACCTT
CTTAGCAGATTCAATATTCCCATCTATCTCCCCTTTATTAAGTTTATTGATTGAATGTGAAGAGCACTGTTCTTCAACATTGCAAGGAGG
TAACACTTCTCTGCAAACCCCAAGCCACAATTATATCAATCTATGCTTAAAGGAATGATTATCTGAGTAATTCCAAGAAAAAAAATAACA
GTTTTTAATCTGATGTTTTTTCAACTCATATAGTTAAATACAATATACATACAAGTCATTCTCAATGTGGGGAGGGGGAGCAGGAGGCAT
TTTGCCCCTCCTTCCACCCCCATGATTCATAATGTCTGCAGACATTTTTCACTGTCACAACTGGGGATGCTGCTAAACATCCTACAAAAC
AGGACAGTTCTCTAGGTCAAAGCTGTTCTTAGGCAAAAAAGTCAAGTGCCAAAGGTGAGAAATCCTAATATAGAGGAATTTACTGTCTCA
TGAAAATTTTTCTCAAGCAATTTCATGATTTAAATAATTTCCCAGTCATAGGGTTGAATCCATGAGGTAATGCTAGCAATATGAAACACA
GCAGGATTATTAATTATCACTAATTCTTCCAAGGCTACCTAACAGAATATCTCTGCTCTCCACAGGCCCATCAATTTGAAAACTCAAGTC
TAAGAGTAAAAAAGTAGATAATGGCTTTGAAGTTTATAAGAAAATTATGCAGCAAAGCTTTTGTTTTACATAAGCTCATGTAAGAATAAT
AATTTCCTAAATCTGCATAAAACAGTTGTTATTTGGATCCACTTTTACATGTTAAGTTAGAATCTGGCAAATTCTGTCTAAATAGTCCCA
TTTCACCAGCCCTACAAGATTATTCATGGGAGAGACTATATTAACGAATTTTGTTTCTAAAAATTAAACCTCTCTTTTCCCTACAATATT
ATAGTCTGCATATTGCTTGCATGCCACCCCCCGCCTACCCAATCACCACAGCGGACGTCTTATTCTTGAAACAATGACCAACCATAAAGC
ACAAGAGCAATCTTTCACAAAGTGTACGTGAATCACTCAACTGTGCTTGCTCAAAGAAAACAACTACTTTTTTGATGAGTATTAGCTTAG
AGATGGAGGCACTGTCTGACCATTTTACTGAAAGCATTGTAAACGTGGTCAAACCAAACATACACAGACTGTGGCATTTCTCTGCACTGC
ATTTAAAGACAAAAGGAAAAAAAGCCTAAGCCATTGTCATATGTTAACAAAGGGCTGCCAACATTGTAATCTTGCCTCGAAATGTCCACA
TATTTAAAATTACCCGAACGGAAACATGTAAGTGATATGAGCACACAATTCACAAAGATCAAGGTGCCAATGGTTAGCAGATACAAAAAT
GTTCAACCTCATCAGTATTCCAGAATATGCACAAAGATTCTATCTTTAAACCTGCAAAATTATCAGAGTACAAGATATACTCTCAAAATT
GCTAGTGCAAACATGTCATAAACTCCTACTACTGTCTGCATAGAATTGTTCATCCAAATGGATTTTTTCAAAGGAAATTTAAAACTCACT
AAATGGACAAATGTGGTTTTTTTTTAATAGCAAGCAACATGACAATGAAGAATTGTGTCCTGGTATCTATGTCCTGGTAGGTGGGCCAAA
GCAAGAGTGCTCTGCTGATCTGACTTAAATGTGTTTTCTTCAGTGAATCCCTCTGTAGAGGTTTAATTTGGTAGACGTTCTATAGAGAAC
CATATACTCTTAGAATTCATTATAGTAAATATGTTTGTTGGAATGCTATATGAGGAAGGAAAAAGCATCTCTTAATTGCATCATTTGACT
CAAAAGCCACAAATAATCTTCCAATGCTCCTCAATCTCCATACCTAAATAAATCCCACGACAATCCACTGAAACCAGTACCATTGTGTTT
AAAAAATAAGATATCATCTTGATCAATTATAAAATGTGTACTTCAATTTCTTGGTTTCTATCATTGCAAATAGCAGTTCATGTTATACAG
AAACCCAGGTGTGGTCAAATTTCATTGTCAAGGAAAAGGGAACATTTTGGTGCTTCTTGAGATTATCATCATGAAAACACAATAAAAGCA
CTTAACTTTTCTTGGTAGAGAGGTTATGTGTGCCAATTCATGCACTGGTACATTAATGTCTAGCTCACATCAAATAAAAAGCAACATCTT
GATACTGCTATGAATAAAAGACTGTTCTCTACACTTTCCTGTACTGTTTGTAATTTCTGAAGGGAAAAAAGAAGAAATGAATTAGAGAAA
AGCTAGAAAGGTAAAAGTATATGAACAACACTTTTCTATTTAGTTCCCTCATTTGTTTCATAGTGCTTTAACTGCCATCATTTCATTACC
AAAAAAGGTTAAATCTAACAATATATGCTAAAAACTCAATTTCACTGCAACAAAAGAATGAAAGTCCCAGGCTGGGCGTGGTGGCTCACG
CCTGTAATCCCAGCACTTTGGGAGGCCAAAGCAGGCGGATCACCTGAGATCAGGAGTTCGAGACCAGCCCAGCCAACATGGTAAAACCCC
GTCTCCACTAAAAACACAAAAATCAGCCGCGCGCAGTGGCAGGTGCCTGTAATCCTAGCTACTTAGGAGGCTGAGGCAGGGGAATCACTT
GAACCTGGGGGGCGGAGGGTGCAGTGAGCCGAGACTGTGCCACTTCACTCCAGCCTGGGTGAAAGAGTGAAACTCCATCTCAAAAAAAGG
AAAAGAAAAAAAAGAAAGTCTCTTGCATTAGTGTCAAAAGTATAATATAGATATTTCAAGTTCCCCAGATTAATAATATTACCTTAACTA
AAGTTGGTGTCAGTGGGTTGGTATACAGGAACAACAACAATAACAAAACAAAATGAAAACAAAAACAAGAAAGCTATGAATGGTTTAACA

Cancer
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GATGTTTTATCAGTATCTTTTGACTTTTTAACATTCAAAACACTCCCTACTAATTTCTGCTTTGGTAACAGTACATGCCATGTTAACCTT
CTTAGCAGATTCAATATTCCCATCTATCTCCCCTTTATTAAGTTTATTGATTGAATGTGAAGAGCACTGTTCTTCAACATTGCAAGGAGG
TAACACTTCTCTGCAAACCCCAAGCCACAATTATATCAATCTATGCTTAAAGGAATGATTATCTGAGTAATTCCAAGAAAAAAAATAACA
GTTTTTAATCTGATGTTTTTTCAACTCATATAGTTAAATACAATATACATACAAGTCATTCTCAATGTGGGGAGGGGGAGCAGGAGGCAT
TTTGCCCCTCCTTCCACCCCCATGATTCATAATGTCTGCAGACATTTTTCACTGTCACAACTGGGGATGCTGCTAAACATCCTACAAAAC
AGGACAGTTCTCTAGGTCAAAGCTGTTCTTAGGCAAAAAAGTCAAGTGCCAAAGGTGAGAAATCCTAATATAGAGGAATTTACTGTCTCA
TGAAAATTTTTCTCAAGCAATTTCATGATTTAAATAATTTCCCAGTCATAGGGTTGAATCCATGAGGTAATGCTAGCAATATGAAACACA
GCAGGATTATTAATTATCACTAATTCTTCCAAGGCTACCTAACAGAATATCTCTGCTCTCCACAGGCCCATCAATTTGAAAACTCAAGTC
TAAGAGTAAAAAAGTAGATAATGGCTTTGAAGTTTATAAGAAAATTATGCAGCAAAGCTTTTGTTTTACATAAGCTCATGTAAGAATAAT
AATTTCCTAAATCTGCATAAAACAGTAAAAAGCCTAAGCCATTGTCATATGTTAACAAAGGGCTTGTTATTTGGATCCACTTTTACATGT
TAAGTTAGAATCTGGCAAATTCTGTCTAAATAGTCCCATTTCACCAGCCCTACAAGATTATTCATGGGAGAGACTATATTAACGAATTTT
GTTTCTAAAAATTAAACCTCTCTTTTCCCTACAATATTATAGTCTGCATATTGCTTGCATGCCACCCCCCGCCTACCCAATCACCACAGC
GGACGTCTTATTCTTGAAACAATGACCAACCATAAAGCACAAGAGCAATCTTTCACAAAGTGTACGTGAATCACTCAACTGTGCTTGCTC
AAAGAAAACAACTACTTTTTTGATGAGTATTAGCTTAGAGATGGAGGCACTGTCTGACCATTTTACTGAAAGCATTGTAAACGTGGTCAA
ACCAAACATACACAGACTGTGGCATTTCTCTGCACTGCATTTAAAGACAAAAGGAAAAAAAGCCTAAGCCATTGTCATATGTTAACAAAG
GGCTGCCAACATTGTAATCTTGCCTCGAAATGTCCACATATTTAAAATTACCCGAACGGAAACATGTAAGTGATATGAGCACACAATTCA
CAAAGATCAAGGTGCCAATGGTTAGCAGATACAAAAATGTTCAACCTCATCAGTATTCCAGAATATGCACAAAGATTCTATCTTTAAACC
TGCAAAATTATCAGAGTACAAGATATACTCTCAAAATTGCTAGTGCAAACATGTCATAAACTCCTACTACTGTCTGCATAGAATTGAAAA
AGCCTAAGCCATTGTCATATGTTAACAAAGGGCTTTCATCCAAATGGATTTTTTCAAAAAAAAGCCTAAGCCATTGTCATATGTTAACAA
AGGGCTGGAAATTTAAAACTCACTAAATGGACAAATGTGGTTTTTTTTTAATAGCAAGCAACATGACAATGAAGAATTGTGTCCTGGTAT
CTATGTCCTGGTAGGTGGGCCAAAGCAAGAGTGCTCTGCTGATCTGACTTAAATGTGTTTTCTTCAGTGAATCCCTCTGTAGAGGTTTAA
TTTGGTAGACGTTCTATAGAGAACCATATACTCTTAGAATTCATTATAGTAAATATGTTTGTTGGAATGCTATATGAGGAAGGAAAAAGC
ATCTCTTAATTGCATCATTTGACTCAAAAAAAAAGCCTAAGCCATTGTCATATGTTAACAAAGGGCTGCCACAAATAATCTTCCAATGCT
CCTCAATCTCCATACCTAAATAAATCCCACGACAATCCACTGAAACCAGTACCATTGTGTTTAAAAAATAAGATATCATCTTGATCAATT
ATAAAATGTGTACTTCAATTTCTTGGTTTCTATCATTGCAAATAGCAGTTCATGTTATACAGAAACCCAGGTGTGGTCAAATTTCATTGT
CAAGGAAAAGGGAACATTTTGGTGCTTCTTGAGATTATCATCATGAAAACACAATAAAAGCACTTAACTTTTCTTGGTAGAGAGGTTATG
TGTGCCAATTCATGCACTGGTACATTAATGTCTAGCTCACATCAAATAAAAAGCAACATCTTGATACTGCTATGAATAAAAGACTGTTCT
CTACACTTTCCTGTACTGTTTGTAATTTCTGAAGGGAAAAAAGAAGAAATGAATTAGAGAAAAGCTAGAAAGGTAAAAGTATATGAACAA
CACTTTTCTATTTAGTTCCCTCATTTGTTTCATAGTGCTTTAACTGCCATCATTTCATTACCAAAAAAGGTTAAATCTAACAATATATGC
TAAAAACTCAATTTCACTGCAACAAAAGAATGAAAGTCCCAGGCTGGGCGTGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCA
AAGCAGGCGGATCACCTGAGATCAGGAGTTCGAGACCAGCCCAGCCAACATGGTAAAACCCCGTCTCCACTAAAAACACAAAAATCAGCC
GCGCGCAGTGGCAGGTGCCTGTAATCCTAGCTACTTAGGAGGCTGAGGCAGGGGAATCACTTGAACCTGGGGGGCGGAGGGTGCAGTGAG
CCGAGACTGTGCCACTTCACTCCAGCCTGGGTGAAAGAGTGAAACTCCATCTCAAAAAAAGGAAAAGAAAAAAAAGAAAGTCTCTTGCAT
TAGTGTCAAAAGTATAATATAGATATTTCAAGTTCCCCAGATTAATAATATTACCTTAACTAAAGTTGGTGTCAGTGGGTTGGTATACAG
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We then inferred the sequence of SCNA events that led to each 
copy number profile, using the most parsimonious set of SCNAs that 
could generate the observed absolute allelic copy numbers (Online 
Methods and Supplementary Fig. 1a). We determined the lengths, 
locations and numbers of copies changed for each SCNA and, in many 
cases, allelic structure (Supplementary Fig. 1b). We identified a total 
of 202,244 SCNAs, a median of 39 per cancer sample, comprising 
6 categories: focal SCNAs that were shorter than the chromosome 
arm (median of 11 amplifications and 12 deletions per sample); arm-
level SCNAs that were chromosome-arm length or longer (median 
of 3 amplifications and 5 deletions per sample); copy-neutral loss-
of-heterozygosity (LOH) events in which one allele was deleted and 
the other was amplified coextensively (median of 1 per sample); and 
whole-genome duplications (WGDs; in 37% of cancers). By ampli-
fications and deletions, we refer to copy number gains and losses, 
respectively, of any length and amplitude.

Estimated purities and ploidies per cancer varied substantially 
within and across lineages (Fig. 1a). Purity estimates correlated with 
estimates derived from measurements of leukocyte and lymphocyte 
contamination using DNA methylation data from the same can-
cers (Supplementary Fig. 1c) (H.S., L. Yao, T. Tiche Jr., T. Hinoue,  
C. Kandoth et al., unpublished data) but tended to indicate lower purity, 
consistent with the presence of non-hematopoietic contaminating nor-
mal cells. Average ploidies within lineages mirrored WGD frequencies. 
The average estimated ploidy within samples that had undergone a 
single WGD was 3.31 (not 4), suggesting that WGD events are associ-
ated with large amounts of genome loss. By contrast, samples that had 
not undergone WGD had an average estimated ploidy of 1.99.

Compared to the near-diploid cancers within each lineage, cancers 
with WGD had higher rates of every other type of SCNA (Fig. 1b) and 
twice the rate of SCNAs overall. Across lineages, overall SCNA rates 
largely reflected rates of WGD (Supplementary Fig. 1d).

In cancers with WGD, most other SCNAs occurred after WGD  
(Fig. 1b and Online Methods). The fractions of amplifications and 
deletions that were estimated to occur before WGD were highly cor-
related across lineages (R = 0.64; Supplementary Fig. 1e), indicating 
a consistent estimate for the timing of WGD with respect to other 
SCNAs. WGD was inferred to occur earliest relative to focal SCNAs 
among lineages where WGD was common (ovarian, bladder and colo-
rectal cancers) and after most focal SCNAs in lineages in which WGD 
was least common (glioblastoma and kidney clear-cell carcinoma).

SCNA lengths suggest varied mechanisms of generation
Focal SCNAs for which one boundary is the telomere (telomere 
bounded) tended to be longer than SCNAs for which both boundaries 
were internal to the chromosome (median SCNA lengths for telomere-
bounded and internal events respectively: amplifications, 19.6 Mb versus 
0.9 Mb; deletions, 22.7 Mb versus 0.7 Mb). These differences reflect 

differences across the entire length distributions of telomere-bounded 
and internal events. Focal internal SCNAs were observed at frequen-
cies inversely proportional to their lengths (Fig. 2a and Supplementary  
Fig. 2a,b), as noted previously1. However, telomere-bounded SCNAs 
tended to follow a superposition of 1/length and uniform length distri-
butions. These distributions were the same whether measuring distance 
by kilobase, number of array markers or number of genes, indicating that 
this difference in length does not result from variation in array resolution 
or gene density across the genome (data not shown). Focal, telomere-
bounded SCNAs also accounted for more SCNAs than expected assum-
ing random SCNA locations (12% and 26% of focal amplifications and 
deletions, respectively; P < 0.0001). Both telomere-bounded and internal 
SCNAs were more likely to end within the centromere than expected 
given the centromere’s length (Supplementary Fig. 2c), but differences 
in their length distributions remained when centromere-bounded events 
were excluded. Differences between telomere-bounded and internal 
SCNAs were even more marked for copy-neutral LOH events and dis-
played no correlation across lineages (Supplementary Fig. 2d).

We detected chromothripsis in 5% of samples, ranging from 0% 
of head and neck squamous cell carcinomas to 16% of glioblastomas 
(Fig. 2b and Online Methods). The rate of chromothripsis was not 
related to overall rates of SCNA (R = 0.13; P = 0.3). As previously 
reported30, samples with chromothripsis were more likely to have 
chromothripsis on more than 1 chromosome (14/122 samples with 
chromothripsis had 2 or 3 such events; P = 0.003).

Many chromothripsis events were concentrated in a few genomic regions, 
often associated with known driver events (Fig. 2c). In glioblastomas,  
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Figure 1 Distribution of SCNAs across lineages. (a) Sample purity (top) and 
ploidy (bottom) across lineages (LUAD, lung adenocarcinoma; LUSC, lung 
squamous cell; HNSC, head and neck squamous cell; KIRC, kidney renal 
cell; BRCA, breast; BLCA, bladder; CRC, colorectal; UCEC, uterine cervix; 
GBM, glioblastoma multiformae; OV, ovary). Box plots show the median, first 
quartile and third quartile of purity in each lineage. Near-diploid samples 
are designated in purple; cancers that have undergone one or more than one 
WGD event are designated in green and red, respectively. Summary data for 
all lineages are indicated on the right. (b) Numbers of arm-level (top) and 
focal (bottom) amplifications (left) and deletions (right) across lineages. For 
each lineage, near-diploid samples and those with WGD events are indicated 
by bars on the left and right, respectively; SCNA in samples with WGD are 
resolved according to their timing relative to the WGD event.
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Cancer genomics 

Can some passengers
... be deleterious to cancer cells?  
... affect progression? 

100-400 amino acid substitutions
   10-40 chromosomal alterations
    2-5 drivers
          the rest are passengers



Are cancers weighted down by 
passengers?

Studies of cancer biology and genom-
ics have mainly focused on recurrent 
driver mutations in key oncogenes 
and tumour suppressor genes, as 
these are known to have major 
roles in tumorigenesis and cancer 
progression. However, these driver 
mutations are vastly outnumbered by 
passenger mutations, which are often 
assumed to be biologically neutral. 
A new computational study suggests 
that passenger mutations may have 
detrimental effects on tumour fitness, 
with therapeutic implications.

Random unselected mutations 
are expected to be, on average, mildly 
deleterious (that is, they confer a 
small selective disadvantage). So, 
Leonid Mirny and colleagues incor-
porated deleterious passenger muta-
tions into their computer simulations 
of tumour evolution. In their model, 
each cancer cell can stochastically 
die or divide, and the cell divisions 
can be accompanied by the frequent 
acquisition of a deleterious passenger 
mutation or the rare acquisition of a 
growth-promoting driver mutation. 

The simulations resulted in 
population dynamics in which 
tumours grew in a sawtooth manner: 
each acquisition of a driver event 
resulted in the rapid expansion of the 
tumour cell population, which was 
followed by a gradual decline in cell 
number owing to passenger mutation 
accumulation until the next driver 
mutation occurred. Importantly, 
accounting for deleterious passenger 
mutations recapitulated some known 
features of tumour biology, such as 
dormancy and regression, that are 
not seen in simpler simulations.

Interestingly, despite the delet-
erious nature of the simulated 
passenger mutations, large numbers 
of passenger mutations accumulated 
and spread throughout the tumour 

cell population. This partly occurred 
by mechanisms that are known from 
population genetics studies. For 
example, the positive selection of 
cells containing driver mutations can 
increase the frequency of passenger 
mutations co-occurring in these cells 
(an effect that is known as genetic 
hitch-hiking). Overall, this indicates 
that even mutations that are found 
throughout a large proportion of cells 
in a particular tumour might actually 
exert a negative fitness effect.

So, is there evidence that passenger 
mutations found in clinical tumours 
can be genuinely deleterious or might 
real tumours retain only selectively 
neutral passenger mutations? The 
authors assessed the deleteriousness of 
passenger mutations in the Catalogue 
of Somatic Mutations in Cancer 
(COSMIC) database. They used the 
PolyPhen program, which scores delet-
eriousness according to the extent to 
which the mutation has been avoided 
(selected against) during organismal 
evolutionary history. On average, these 
passenger mutations were indeed 
moderately deleterious, and substan-
tially more so than single-nucleotide 

polymorphisms underlying normal 
human population variation. However, 
it is worth noting that deleteriousness 
of a mutation during normal organis-
mal evolution might not fully reflect 
the fitness effects on cancer cells, 
which typically have altered cell death 
and checkpoint mechanisms.

Finally, the authors ran simula-
tions and found that enhancing the 
detrimental effects of passenger 
mutations — such as by reducing the 
ability of cancer cells to buffer delet-
erious mutations — resulted in sus-
tained tumour regression. In practice, 
such buffering mechanisms include 
the proteasome and chaperone sys-
tems. As pharmacological inhibitors 
of these systems have been developed 
that show antitumour activity in some 
settings, it will be interesting to deter-
mine the extent to which sensitivity 
to these agents is conferred by many 
accumulated passenger events versus 
a few key oncogenic mutations.

Darren J. Burgess
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Passengers hitchhike of drivers

Passengers hitchhike to fixation



Hitchhiking passengers

Neutral	 or         deleterious	



Week 7

Untreated 10 nM Dox 20 nM Dox

Control

10nM Dox

20nM Dox

Passanger load negatively 
correlates with metastasis 



New Experiment: Her2+ breast cancer mouse model: 
     mildly elevated mutation rate (H2AX+/-)  
     normal mutation rate (control)
When do cancers develop? How fast do cancers grow? 

Passengers slowdown cancer
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Passenger-based treatment

Mutagenic chemo
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Passenger-based treatment
Make passengers more damaging

Going with evolution, not against it 
[hackers lingo:  
         passneger load is an exploit]
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Background
Immune checkpoint inhibitors are effective cancer treatments, but molecular deter-
minants of clinical benefit are unknown. Ipilimumab and tremelimumab are anti-
bodies against cytotoxic T-lymphocyte antigen 4 (CTLA-4). Anti–CTLA-4 treatment 
prolongs overall survival in patients with melanoma. CTLA-4 blockade activates 
T cells and enables them to destroy tumor cells.

Methods
We obtained tumor tissue from patients with melanoma who were treated with 
ipilimumab or tremelimumab. Whole-exome sequencing was performed on tumors 
and matched blood samples. Somatic mutations and candidate neoantigens gener-
ated from these mutations were characterized. Neoantigen peptides were tested for 
the ability to activate lymphocytes from ipilimumab-treated patients.

Results
Malignant melanoma exomes from 64 patients treated with CTLA-4 blockade were 
characterized with the use of massively parallel sequencing. A discovery set con-
sisted of 11 patients who derived a long-term clinical benefit and 14 patients who 
derived a minimal benefit or no benefit. Mutational load was associated with the 
degree of clinical benefit (P = 0.01) but alone was not sufficient to predict benefit. 
Using genomewide somatic neoepitope analysis and patient-specific HLA typing, 
we identified candidate tumor neoantigens for each patient. We elucidated a neo-
antigen landscape that is specifically present in tumors with a strong response to 
CTLA-4 blockade. We validated this signature in a second set of 39 patients with 
melanoma who were treated with anti–CTLA-4 antibodies. Predicted neoantigens 
activated T cells from the patients treated with ipilimumab. 

Conclusions
These findings define a genetic basis for benefit from CTLA-4 blockade in melanoma 
and provide a rationale for examining exomes of patients for whom anti–CTLA-4 
agents are being considered. (Funded by the Frederick Adler Fund and others.)
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esized that the presence of specific tumor neoan-
tigens might explain the varied therapeutic ben-
efit. To identify these neoepitopes, we developed 
a bioinformatic pipeline incorporating predic-
tion of MHC class I binding, modeling of T-cell 
receptor binding, patient-specific HLA type, and 
epitope-homology analysis (see the Methods sec-
tion and Fig. S4 in the Supplementary Appendix).

We created a computational algorithm, called 
NAseek, to translate all nonsynonymous mis-
sense mutations into mutant and nonmutant 
peptides (see the Methods section and Fig. S4 in 
the Supplementary Appendix). We examined 
whether a subgroup of somatic neoepitopes 
would alter the strength of peptide–MHC bind-
ing, using patient-specific HLA types (Table S3 
in the Supplementary Appendix). We first com-
pared the overall antigenicity trend of all mutant 
versus nonmutant peptides. In aggregate, the 
mutant peptides were predicted to bind MHC 
class I molecules with higher affinity than the 
corresponding nonmutant peptides (Fig. S5 in 
the Supplementary Appendix).

Using only peptides predicted to bind to MHC 
class I molecules (binding affinity, ≤500 nM), we 
searched for conserved stretches of amino acids 
shared by multiple tumors. We used standard 
methods of machine learning, hierarchical clus-
tering, and signature derivation to identify con-
sensus sequences (see the Methods section in 
the Supplementary Appendix).20 We identified a 
number of tetrapeptide sequences that were 
shared by patients with a long-term clinical ben-
efit but completely absent in patients with a 
minimal benefit or no benefit (Fig. 3A and 3B, 
and Table S6 in the Supplementary Appendix). It 
has been shown that short amino acid substrings 
comprise conserved regions across antigens rec-
ognized by a T-cell receptor.21 In these experi-
ments, recognition of epitopes was driven by 
consensus tetrapeptides within the immuno-
genic peptides, and tetrapeptides within cross-
reacting T-cell receptor epitopes were necessary 
and sufficient to drive T-cell proliferation, find-
ings that are consistent with evidence that this 
polypeptide length can drive recognition by T-cell 
receptors.22 Tetrapeptides are used to model ge-
nome phylogeny because they occur relatively 
infrequently in proteins and typically reflect 
function.23

We used the discovery set to generate a pre-
dictive signature from the candidate neoepitopes 

(see the Methods section in the Supplementary 
Appendix). We found that the tetrapeptides com-
mon to each group (candidate neoepitopes) in-
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Figure 2. Mutational Landscape of Tumors According to Clinical Benefit 
from Ipilimumab Treatment.

Panel A shows the mutational load (number of nonsynonymous mutations 
per exome) in the discovery and validation sets, according to status with re-
spect to a clinical benefit from therapy. Panel B depicts the Kaplan–Meier 
curves for overall survival in the discovery set for patients with more than 
100 nonsynonymous coding mutations per exome and patients with 100 or 
fewer mutations.
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Response to immunotherapy is associated 
with mutational load



Work in progress…

1. Passenger mutations can be damaging!
2. Passenger load is a potential biomarker 

of response to chemo- and immuno- therapy
3. Passengers may be responsible for other 

cancer phenotypes 
NEED :: More patient info + genotypes (PLM?)



Main points

1. Cancer is an evolutionary process 

2. Cancer genomics allows to look under  
the hood of this process 

3. Treating cancer using its own evolutionary 
mechanisms 



Chris McFarland 
Stanford University 

MIT Physical Sciences-Oncology Center Experiments
Julia Yaglom
Michael Sherman
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Studies of cancer biology and genom-
ics have mainly focused on recurrent 
driver mutations in key oncogenes 
and tumour suppressor genes, as 
these are known to have major 
roles in tumorigenesis and cancer 
progression. However, these driver 
mutations are vastly outnumbered by 
passenger mutations, which are often 
assumed to be biologically neutral. 
A new computational study suggests 
that passenger mutations may have 
detrimental effects on tumour fitness, 
with therapeutic implications.

Random unselected mutations 
are expected to be, on average, mildly 
deleterious (that is, they confer a 
small selective disadvantage). So, 
Leonid Mirny and colleagues incor-
porated deleterious passenger muta-
tions into their computer simulations 
of tumour evolution. In their model, 
each cancer cell can stochastically 
die or divide, and the cell divisions 
can be accompanied by the frequent 
acquisition of a deleterious passenger 
mutation or the rare acquisition of a 
growth-promoting driver mutation. 

The simulations resulted in 
population dynamics in which 
tumours grew in a sawtooth manner: 
each acquisition of a driver event 
resulted in the rapid expansion of the 
tumour cell population, which was 
followed by a gradual decline in cell 
number owing to passenger mutation 
accumulation until the next driver 
mutation occurred. Importantly, 
accounting for deleterious passenger 
mutations recapitulated some known 
features of tumour biology, such as 
dormancy and regression, that are 
not seen in simpler simulations.

Interestingly, despite the delet-
erious nature of the simulated 
passenger mutations, large numbers 
of passenger mutations accumulated 
and spread throughout the tumour 

cell population. This partly occurred 
by mechanisms that are known from 
population genetics studies. For 
example, the positive selection of 
cells containing driver mutations can 
increase the frequency of passenger 
mutations co-occurring in these cells 
(an effect that is known as genetic 
hitch-hiking). Overall, this indicates 
that even mutations that are found 
throughout a large proportion of cells 
in a particular tumour might actually 
exert a negative fitness effect.

So, is there evidence that passenger 
mutations found in clinical tumours 
can be genuinely deleterious or might 
real tumours retain only selectively 
neutral passenger mutations? The 
authors assessed the deleteriousness of 
passenger mutations in the Catalogue 
of Somatic Mutations in Cancer 
(COSMIC) database. They used the 
PolyPhen program, which scores delet-
eriousness according to the extent to 
which the mutation has been avoided 
(selected against) during organismal 
evolutionary history. On average, these 
passenger mutations were indeed 
moderately deleterious, and substan-
tially more so than single-nucleotide 

polymorphisms underlying normal 
human population variation. However, 
it is worth noting that deleteriousness 
of a mutation during normal organis-
mal evolution might not fully reflect 
the fitness effects on cancer cells, 
which typically have altered cell death 
and checkpoint mechanisms.

Finally, the authors ran simula-
tions and found that enhancing the 
detrimental effects of passenger 
mutations — such as by reducing the 
ability of cancer cells to buffer delet-
erious mutations — resulted in sus-
tained tumour regression. In practice, 
such buffering mechanisms include 
the proteasome and chaperone sys-
tems. As pharmacological inhibitors 
of these systems have been developed 
that show antitumour activity in some 
settings, it will be interesting to deter-
mine the extent to which sensitivity 
to these agents is conferred by many 
accumulated passenger events versus 
a few key oncogenic mutations.

Darren J. Burgess
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Tug-of-war between driver and passenger mutations in
cancer and other adaptive processes
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Cancer progression is an example of a rapid adaptive process
where evolving new traits is essential for survival and requires a
high mutation rate. Precancerous cells acquire a few key mutations
that drive rapid population growth and carcinogenesis. Cancer
genomics demonstrates that these few driver mutations occur
alongside thousands of random passenger mutations—a natural
consequence of cancer’s elevated mutation rate. Some passengers
are deleterious to cancer cells, yet have been largely ignored in can-
cer research. In population genetics, however, the accumulation of
mildly deleterious mutations has been shown to cause population
meltdown. Here we develop a stochastic population model where
beneficial drivers engage in a tug-of-war with frequent mildly dele-
terious passengers. These passengers present a barrier to cancer
progression describable by a critical population size, below which
most lesions fail to progress, and a critical mutation rate, above
which cancers melt down. We find support for this model in cancer
age–incidence and cancer genomics data that also allow us to esti-
mate the fitness advantage of drivers and fitness costs of passen-
gers. We identify two regimes of adaptive evolutionary dynamics
and use these regimes to understand successes and failures of dif-
ferent treatment strategies. A tumor’s load of deleterious passen-
gers can explain previously paradoxical treatment outcomes and
suggest that it could potentially serve as a biomarker of response
to mutagenic therapies. The collective deleterious effect of passen-
gers is currently an unexploited therapeutic target. We discuss how
their effects might be exacerbated by current and future therapies.

evolution | mathematical modeling | simulations | cancer genomics |
chemotherapy

Although many populations evolve new traits via a gradual
accumulation of changes, some adapt very rapidly. Exam-

ples include viral adaptation during infection (1), the emergence of
antibiotic resistance (2), artificial selection in biotechnology (3),
and cancer (4). Rapid adaptation is characterized by three key
features: (i) the availability of strongly advantageous traits acces-
sible by rare mutations, (ii) an elevated mutation rate (1), and (iii)
a dynamic population size (5). Because traditional theories of
gradual adaptation are not applicable under these conditions, new
approaches are needed.
Cancer progression is an example of a rapidly adapting pop-

ulation: cancers develop as many as 10 new traits (6), exhibit a
high mutation rate (6–8), and rapidly change in population size
(9). Progression is driven by a handful of mutations (10) and
chromosomal abnormalities (11) in cancer-related genes (onco-
genes and tumor suppressors), collectively called “drivers.” Driv-
ers are beneficial to cancer cells as they facilitate uncontrolled
proliferation and other hallmarks of cancer (6). Drivers, however,
arise alongside thousands of other mutations/alterations, called
“passengers,” that are randomly dispersed throughout the ge-
nome, are nonrecurrent in patients, and have no immediate ben-
eficial effect (10).
Passengers have previously been assumed to be neutral and

largely ignored in cancer research, yet growing evidence suggests
that they can be deleterious to cancer cells and play an important

role in both cancer progression and clinical outcomes. Previously, we
showed that deleterious passengers readily accumulate during tu-
mor progression and exhibit signatures of damaging mutations (12).
Passenger mutations and chromosomal abnormalities, including
aneuploidy, can be deleterious via a variety of mechanisms such as
direct loss-of-function (13), cytotoxicity from protein disbalance
and aggregation (14), or by eliciting an immune response (15).
Although the role of deleterious mutations in cancer is largely

unknown, their effects on natural populations have been exten-
sively studied in genetics (16–18). The accumulation of deleterious
mutations can cause population extinction by Muller’s ratchet and
mutationalmeltdown (16, 19). How this applies to rapidly adapting
populations with a varying size and advantageous mutations, and
specifically to cancer, remains unknown.
A rapidly adapting population faces a double bind: it must

quickly acquire often exceedingly rare, adaptivemutations, yet also
avoid mutational meltdown. As a result, adaptive processes fre-
quently fail. Indeed, less than 0.1% of species on Earth have
adapted fast enough to avoid extinction (20), and similarly, only
∼0.1% of precancerous lesions ever advance to cancer (21). Evo-
lutionary properties of extinction may be exploitable in evolving
tumors (22).
Here we investigate how asexual populations such as cancer

rapidly evolve new traits while avoiding mutational meltdown. We
observed a tug-of-war between beneficial drivers and deleterious
passengers that creates twomajor regimes of population dynamics:
an adaptive regime, where the probability of adaptation (cancer)
is high, and a nonadaptive regime, where adaptation (cancer) is
exceedingly rare. These regimes are separated by an effective
barrier, which makes cancer progression an unlikely event. Our
model is consistent with cancer genomic and age–incidence data,
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During rapid adaptation, populations start in hostile conditions
and must evolve new traits to survive. Development of cancer
from a population of precancerous cells within a body is an ex-
ample of such rapid adaptation. New traits required for cancer
progression are acquired by drivermutations in a fewkey genes.
Most mutations, however, are unimportant for progression and
can be damaging to cancer cells, termed “passengers.” The role
these damaging passengers play in cancer and other adaptive
processes is unknown. Here we show that driver mutations en-
gage in a tug-of-warwith damaging passengers. This tug-of-war
explains many phenomena in oncology, suggesting how to de-
velop new therapies and target existing therapies to exploit
damaging passengers.
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Studies of cancer biology and genom-
ics have mainly focused on recurrent 
driver mutations in key oncogenes 
and tumour suppressor genes, as 
these are known to have major 
roles in tumorigenesis and cancer 
progression. However, these driver 
mutations are vastly outnumbered by 
passenger mutations, which are often 
assumed to be biologically neutral. 
A new computational study suggests 
that passenger mutations may have 
detrimental effects on tumour fitness, 
with therapeutic implications.

Random unselected mutations 
are expected to be, on average, mildly 
deleterious (that is, they confer a 
small selective disadvantage). So, 
Leonid Mirny and colleagues incor-
porated deleterious passenger muta-
tions into their computer simulations 
of tumour evolution. In their model, 
each cancer cell can stochastically 
die or divide, and the cell divisions 
can be accompanied by the frequent 
acquisition of a deleterious passenger 
mutation or the rare acquisition of a 
growth-promoting driver mutation. 

The simulations resulted in 
population dynamics in which 
tumours grew in a sawtooth manner: 
each acquisition of a driver event 
resulted in the rapid expansion of the 
tumour cell population, which was 
followed by a gradual decline in cell 
number owing to passenger mutation 
accumulation until the next driver 
mutation occurred. Importantly, 
accounting for deleterious passenger 
mutations recapitulated some known 
features of tumour biology, such as 
dormancy and regression, that are 
not seen in simpler simulations.

Interestingly, despite the delet-
erious nature of the simulated 
passenger mutations, large numbers 
of passenger mutations accumulated 
and spread throughout the tumour 

cell population. This partly occurred 
by mechanisms that are known from 
population genetics studies. For 
example, the positive selection of 
cells containing driver mutations can 
increase the frequency of passenger 
mutations co-occurring in these cells 
(an effect that is known as genetic 
hitch-hiking). Overall, this indicates 
that even mutations that are found 
throughout a large proportion of cells 
in a particular tumour might actually 
exert a negative fitness effect.

So, is there evidence that passenger 
mutations found in clinical tumours 
can be genuinely deleterious or might 
real tumours retain only selectively 
neutral passenger mutations? The 
authors assessed the deleteriousness of 
passenger mutations in the Catalogue 
of Somatic Mutations in Cancer 
(COSMIC) database. They used the 
PolyPhen program, which scores delet-
eriousness according to the extent to 
which the mutation has been avoided 
(selected against) during organismal 
evolutionary history. On average, these 
passenger mutations were indeed 
moderately deleterious, and substan-
tially more so than single-nucleotide 

polymorphisms underlying normal 
human population variation. However, 
it is worth noting that deleteriousness 
of a mutation during normal organis-
mal evolution might not fully reflect 
the fitness effects on cancer cells, 
which typically have altered cell death 
and checkpoint mechanisms.

Finally, the authors ran simula-
tions and found that enhancing the 
detrimental effects of passenger 
mutations — such as by reducing the 
ability of cancer cells to buffer delet-
erious mutations — resulted in sus-
tained tumour regression. In practice, 
such buffering mechanisms include 
the proteasome and chaperone sys-
tems. As pharmacological inhibitors 
of these systems have been developed 
that show antitumour activity in some 
settings, it will be interesting to deter-
mine the extent to which sensitivity 
to these agents is conferred by many 
accumulated passenger events versus 
a few key oncogenic mutations.

Darren J. Burgess
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these 
passenger 
mutations 
were indeed 
moderately 
deleterious
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